Summary Survival after freezing was measured for seeds and germinants of four seedlots each of interior spruce (Picea glauca × engelmannii complex), lodgepole pine (Pinus contorta Dougl. ex Loud.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) and western red cedar (Thuja plicata Donn ex D. Donn). Effects of eight seed treatments on post-freezing survival of seeds and germinants were tested: dry, imbibed and stratified seed, and seed placed in a growth chamber for 2, 5, 10, 15, 20 or 30 days in a 16-h photoperiod and a 22/17°C thermoperiod. Survival was related to the water content of seeds and germinants, germination rate and seedlot origin.
Introduction
Plant cold tolerance is an important factor determining survival in temperate and boreal regions. Conifers are among the most cold tolerant of vascular plants, and twigs of some pine species can withstand temperatures as low as -196°C (Sakai and Larcher 1987) . Despite an extensive literature on frost hardiness and hardening of conifer seedlings, saplings and trees (see review by Bigras and Colombo 2001) , little is known about the hardiness of germinating seed and young germinants. Apart from a few studies examining the effects of freezing on unhardened seed or seedlings (Cremer and Mucha 1985, Coursolle et al. 1998) , or progressive hardening in seedlings (Timmis and Worrall 1975 , Simpson 1990 , Coursolle et al. 1997 , no recent information is available on the response to freezing of young plants during active growth.
Conifer seeds can withstand extreme cold, but once water is imbibed, they become less tolerant of low temperature (Cremer and Mucha 1985 , Sakai and Larcher 1987 , Coursolle et al. 1998 ). This trend continues through radicle emergence to the cotyledon stage when seedlings begin to show an increase in ability to frost-harden. In a study of air-dried, imbibed, stratified and newly germinated seed of Pinus radiata D. Don and six species of Eucalyptus, Cremer and Mucha (1985) found that air-dried seeds showed no damage when frozen to -16°C, but imbibed, stratified or germinated seed became progressively more prone to mortality both with stage of germination and with decreasing temperature. Coursolle et al. (1998) reported that white spruce (Picea glauca (Moench) Voss) seedlings did not harden in response to low temperature or photoperiod treatment before the cotyledon stage. Similarly, Timmis and Worrall (1975) noted that Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings were unable to achieve tolerance to freezing until epicotyl elongation had occurred.
During imbibition and early germination, many morphological, anatomical and biochemical changes occur in seeds, including an increase in water content. Water content of plant tissues and organs is correlated with cold tolerance (Sakai and Larcher 1987) , but the relationship has not been investigated in germinating seed.
The geographic origin of a population can influence its cold tolerance. For instance, twigs taken from 10-year-old black spruce (Picea mariana (Mill.) BSP) and white spruce from central Alaska were more frost hardy than twigs taken from populations in Nova Scotia (Sakai and Okada 1971) . These researchers also found that similarly aged twigs from coastal populations of Douglas-fir and western red cedar (Thuja plicata Donn ex D. Donn) were less cold tolerant than twigs from populations from inland origins. Similarly, Simpson (1990) reported that 20-week-old seedlings of northern or inland provenances of western hemlock (Tsuga heterophylla (Raf.) Sarg.) and Douglas-fir were more hardy than southern or coastal provenances, respectively. Although Coursolle et al. (1998) found that frost tolerance of white spruce seeds in four stages of germination varied with location of origin, they could not relate these differences to latitude.
The objective of our study was to evaluate the cold tolerance of dry, imbibed, stratified and germinating seed and germinants less than a month old of Douglas-fir, western red cedar, lodgepole pine (Pinus contorta Dougl. ex Loud.) and interior spruce (Picea glauca × engelmannii complex), and to relate changes in cold tolerance to developmental stage, water content and location of seedlot origin.
Materials and methods
We used seed from four British Columbia seedlots of each of four conifer species (Table 1) : 3200 seeds from each seedlot of Douglas-fir, interior spruce and lodgepole pine and 2800 seeds per seedlot of western red cedar. Seeds were stored at between -12 and -18 °C before use.
The species were chosen because they are economically important in British Columbia, widely distributed, and are the most commonly planted species in the province. For each species, we tested seedlots spanning a range of latitudes and elevations. Douglas-fir, lodgepole pine and interior spruce usually exhibit some degree of seed dormancy, and the seeds require a period of moist chilling before they will germinate (Young and Young 1992) . Western red cedar is commonly sown without imbibition or stratification. Seed of each species normally germinate in spring, although western red cedar seed may germinate in fall.
Cold tolerance of germinating seed and germinants
Seed treatments Seeds were divided into eight treatments (seven for western red cedar): imbibed, stratified, and 2, 5, 10, 15, 20 and 30 days in a growth chamber. Western red cedar seeds were not imbibed or stratified because these treatments are not applied operationally, thus the initial treatment was dry from the freezer, and water was absorbed directly from the medium. We used 400 seeds from each seedlot per treatment. Seeds of Douglas-fir, interior spruce and lodgepole pine were imbibed in cold (5°C), running tap water for 24 h. After imbibition, the seeds were rinsed in 3% hydrogen peroxide for 5 min followed by three rinses in distilled water. The seeds were then placed in sterilized vials at 4 °C for 21 days.
For each treatment, we sowed 25 seeds per container in 16 containers per seedlot. Containers were placed in one of two growth chambers set at a day/night temperature of 22/17°C and a 16-h photoperiod for 30, 20, 15, 10, 5 or 2 days prior to freezing. Two replicates of each seedlot and seed treatment were placed in each germination chamber. Seeds assigned to the 30-, 20-, 15-and 10-day treatments were sown in 11 × 11 cm, clear plastic germination boxes (Tri-state plastics, Dixon, KY), and plastic petri dishes were used for all other treatments. Autoclaved Kimpak (20-ply cellulose cushioning, NPS, Green Bay, WI) saturated with distilled water was the substrate in the germination boxes and autoclaved blotting paper soaked with distilled water was used in the petri dishes. We sealed the containers with Parafilm, frequently checked them for drying, and added distilled water when necessary.
Freezing tests Based on preliminary trials, freezing treatments were -4, -9 and -15°C for interior spruce and lodgepole pine, -6, -11 and -16°C for Douglas-fir, and -6, -10 and -14°C for western red cedar. Containers were placed in the freezer at an initial temperature of 0°C, held at 0°C for 0.5 h, and then cooled at 5°C h -1 to the first freezing temperature, which was maintained for 2 h. After the 2-h period, four containers for each seedlot/species/seed treatment were removed and stored at 4°C overnight. The remaining samples were cooled at 5°C h -1 to the second freezing temperature, held at this temperature for 2 h, then stored at 4°C. The same procedure was followed for the third freezing temperature. The next day, all containers were returned to the growth chambers.
Analysis of survival Starting 3 days after freezing, we scored containers for the number of seeds that had germinated before freezing and the number of seeds or germinants that had survived freezing. We determined germination to have occurred when the radicle had emerged 3 mm from the seed coat (about 5-10 days after sowing). Germinants that retained their pre-freezing color and vigor were considered alive and healthy. Failure to germinate, or discoloration and deterioration of tissues denoted seed and germinant mortality, respectively. We scored the interior spruce and lodgepole pine between August 20 and September 19, 2001, the Douglas-fir between March 5 and 24, 2002 and the western red cedar between April 3 and 30, 2002. We first scored containers where all germinants were obviously dead, and left containers in which seeds were still germinating until last. Mold developed in some containers, and we scored these early, subtracting moldy seeds that had not germinated from the original 25 seeds sown in each container.
Proportion of seeds or germinants surviving freezing was calculated for each container. For seed treatments in which seeds had not germinated prior to freezing, the number of seeds germinated 20 days after freezing was divided by the mean germination for that seedlot in the control treatment. For seed treatments >10 days in the growth chamber, survival was calculated as the number of germinants surviving freezing divided by the total number of seeds germinated before freezing. Proportion data were arcsin square-root transformed before analysis.
Species comparisons of cold hardiness were made for interior spruce and lodgepole pine only, because only these species were frozen together. This was done for each freezing treatment by a two-way analysis of variance (ANOVA), with species and seed treatment as main factors. Within species, survival of seedlots and seed treatments was compared for each freezing treatment by two-way ANOVA. Means of main effects were compared by Scheffe's mean separation test. Variance components were calculated with the VARCOMP procedure of SAS (SAS Institute, Cary, NC, 1989) . The temperature resulting in 50% survival (LT 50 ) was calculated for each seedlot and species from survival results at the three freezing temperatures with the PROBIT procedure of SAS.
Cold tolerance of dry seeds, speed of germination and water content Cold tolerance of dry seeds of each seedlot was tested on June 11, 2002. Lodgepole pine Seedlot 43288 was not tested because of a lack of seed. We took 225 seeds per seedlot from -12°C storage and exposed 75 seeds per seedlot to one of the following freezing treatments for 3 h: -40°C in the programmable freezer, -80°C in an ultra-low temperature freezer or -196°C in liquid nitrogen. All seeds were then put in a Styrofoam box at 4°C for 24 h. We sowed three replicates of 25 western red cedar seed per seedlot per freezing treatment in germination boxes the next day, and placed the boxes in the growth chamber under the conditions described. We imbibed and stratified the interior spruce, lodgepole pine and Douglasfir seeds as described above, then sowed them in germination boxes and placed them in the growth chamber.
Total number of seeds germinated, and the number in the radicle, hypocotyl and cotyledon stages 2, 5, 10, 15, 20 and 30 days after sowing were recorded. Seedlings were considered to be in the radicle stage when the radicle had emerged 3-5 mm, in the hypocotyl stage when the cream-colored hypocotyl was visible, and in the cotyledon stage when green cotyledons emerged from the seed coat.
At Days 2, 5, 10, 20 and 30 (Days 5-30 for western red cedar), seven germinants per seedlot from the -40°C treatment were removed and weighed, oven-dried at 60°C for 48 h and reweighed to calculate percent water content (= 100(fresh mass -dry mass)/fresh mass).
Data analysis Survival of dry seed after freezing was assessed from percent germination on Day 30 when germination was complete. Speed of germination was assessed by comparing percent germination on Days 5 or 10 when there was the greatest spread among seedlots. Survival and percent germination data were analyzed by two-way ANOVA for each species with seedlot and freezing treatment as main factors. Main factors for the analysis of percent water content were seedlot and seed treatment. Percent germination and water content were arcsin square-root transformed before analysis.
Climate analysis
For each species, LT 50 of each seedlot after 10 days in the growth chamber was correlated with an estimated extreme minimum temperature in the month of germination. Extreme minimum temperature at the time of germination was chosen as the climate event likely to cause the greatest selection pressure for germinant cold tolerance. The extreme minimum temperature was estimated from climate normal records for the Environment Canada weather station closest to each location of seedlot origin (www.climate.weatheroffice.ec.gc.ca/climate_normals/index_e.html). Extreme minimum temperature for the month with > 200 cumulative degree days above 0°C (March, April or May, depending on location) was corrected for elevation of seedlot origin based on an adiabatic lapse rate of 0.6°C per 100 m (Oke 1978) . Two hundred degree days was chosen based on our observations that stratified seed of Douglas-fir begins to germinate after approximately 20 days at 10°C. Extreme minimum temperature was highly correlated with mean minimum temperature over all sites.
Results
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Survival of interior spruce, Douglas-fir and western red cedar TREE PHYSIOLOGY ONLINE at http://heronpublishing.com FREEZING TOLERANCE OF CONIFER SEEDS AND GERMINANTSseed was high even after dry seeds were frozen to low temperatures. After freezing to -40, -80 or -196°C, germination of three of the seedlots of interior spruce ranged from 88 to 96% after 30 days in the growth chamber. Germination of Seedlot 30537 after freezing to -196°C was only 32%, which was significantly less (P < 0.01) than the mean of 92% for the other three seedlots in the same freezing treatment. Mean germination of Douglas-fir seedlots ranged from 84 to 95% after all of the low temperature treatments. Three western red cedar seedlots in the -196°C treatment had 89-94% germination, whereas mean germination of Seedlot 41265 was only 68% after freezing to -196°C. Germination of lodgepole pine seeds was inhibited by freezing to -196°C (53-82% germination versus 92-96% germination for the same seedlots after freezing to -40 or -80 °C).
The low temperature treatments did not affect the speed of germination of lodgepole pine, Douglas-fir or western red cedar seeds, whereas interior spruce seeds frozen to -196°C germinated more slowly than seeds frozen to -40 or -80°C. At Day 5, germination of interior spruce seeds averaged 45 ± 2.5%, 44 ± 2.1% and 33 ± 2.6% in the -40, -80 and -196°C treatments, respectively.
Freezing tolerance of imbibed, stratified and germinating seed
Effect of seed treatment Survival after a freezing treatment was significantly affected by seed treatment for all species (P < 0.001). In most ANOVAs, there were significant interactions (P < 0.05) between seedlot and seed treatment ( Figures 1-4) ; however, in all cases except one, the percentage of variation accounted for by seed treatment was more than twice that of the interaction (Table 2) . Imbibed, stratified and 2-day seeds of interior spruce, lodgepole pine and Douglas-fir had the highest survival after freezing (Figures 1-3) . Dry, 2-and 5-day western red cedar seeds had the highest post-freezing survival (Figure 4) .
After 5 days in the growth chamber, interior spruce seed in the -9 and -15°C freezing treatments exhibited a significant decrease in survival relative to imbibed, stratified and 2-day seeds. Survival of 15-20-and 30-day germinants of most seedlots frozen to -4 and -9°C increased significantly (P < 0.05) compared with 10-day germinants (Figures 1a and 1b) . Two-day lodgepole pine seeds were significantly (P < 0.05) less hardy than stratified and imbibed seeds when frozen to -15°C, and 5-and 10-day germinants had poorer survival than 2-day seeds when frozen to -9 and -15°C (Figures 2b and 2c) . Survival of 15-, 20-and 30-day germinants was highly variable among seedlots of lodgepole pine after exposure to -4 or -9°C treatment (Figures 2a and 2b) , as indicated by the relatively large variance component for the seedlot × seed treatment interaction (Table 2) .
Survival of Douglas-fir after a freezing treatment was lowest in 10-day germinants, but was significantly greater (P < 0.05) in 20-and 30-day germinants of most seedlots frozen to -6°C (Figure 3a) . Western red cedar germinants had poor survival after freezing to -10 and -14°C once they had been ex- posed to growing conditions for 15 days (Figure 4) . After freezing to -6°C, there was greater survival in 20-day germinants than in 15-day germinants, but survival was low for 30-day germinants (Figure 4a ).
Effect of species Seed and germinant survival was significantly greater for lodgepole pine than for interior spruce (P < 0.04) after freezing to -9 and -15°C. Lodgepole pine averaged 62 ± 3.5% survival at -9°C, and 32 ± 3.5% survival at -15°C, whereas the corresponding values for interior spruce were 55 ± 3.5% and 29 ± 3.2% survival. Plotting the LT 50 for each seed treatment revealed that interior spruce seeds were generally less hardy than seeds of the other species during the first 10 days of germination ( Figure 5 ). However, the pattern of loss of hardiness with the progression of germination was similar for interior spruce, lodgepole pine and Douglas-fir, whereas the trend was delayed in western red cedar ( Figure 5 ). After 30 days in the growth chamber, western red cedar and Douglas-fir were slightly less hardy, on average, than interior spruce and lodgepole pine ( Figure 5 ).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com FREEZING TOLERANCE OF CONIFER SEEDS AND GERMINANTS 1241 Effect of seedlot Post-freezing survival was influenced by seedlot for all species (P < 0.01), although the percent of variation accounted for by seedlot was low (Table 2) . Seedlot 39618 of interior spruce had the lowest survival after freezing to -4°C (Figure 1a) , and Seedlots 30537 and 31460 had the lowest survival after freezing to -9°C ( Figure 1b) (P < 0.05). The LT 50 of 10-day germinants was highest for interior spruce Seedlot 39618, and lowest for Seedlot 35075 (Table 3) . Seedlot 45357 of lodgepole pine had the best survival after -4°C treatment (P < 0.05) (Figure 2a ). After the -9°C treatment, Seedlot 43288 had the best survival and Seedlot 40977 had the poorest survival ( Figure 2b ) (P < 0.05). The LT 50 of 10-day lodgepole pine germinants was lowest in Seedlot 44998 (Table 3) . Douglas-fir Seedlot 35693 had the best survival, on average, after all three freezing treatments, and Seedlot 31670 had the poorest survival ( Figure 3 , Table 3 ) (P < 0.05). Western red cedar Seedlot 41265 had the highest survival after freezing to any temperature ( Figure 4 ). Germinants of interior spruce seedlots from colder environments had the lowest LT 50 (Table 3) . There was also a relationship between minimum spring temperature and LT 50 for western red cedar Seedlots 32642, 39388 and 40253, but not for Seedlot 41265. There was no correlation between extreme minimum spring temperature and LT 50 of seedlots of lodgepole pine and Douglas-fir (Table 3) .
Germination and the correlation with cold hardiness
Speed of germination differed significantly (P < 0.01) among seedlots of interior spruce, Douglas-fir and western red cedar ( Figure 6 , Table 4 ). On Day 5, interior spruce averaged 45% germination, whereas Douglas-fir averaged 26% germination. Western red cedar seedlots had very few germinants until after Day 5 (Table 4) , and Seedlot 41265 was the slowest to germinate. All seedlots of lodgepole pine germinated quickly, with 89% of seed germinating within 5 days in the growth chamber. By Day 10, > 50% of lodgepole pine germinants were in the cotyledon stage, whereas this stage was not reached until Day 15 in interior spruce and Day 20 in Douglas-fir and western red cedar (Table 4) .
For seedlots of interior spruce and lodgepole pine, speed of germination and freezing tolerance after 10 days in the growth chamber were uncorrelated. Douglas-fir and western red cedar seedlots that germinated quickly were least hardy, and seedlots that germinated later were most hardy after 10 (Douglas-fir) or 15 (western red cedar) days in the growth chamber.
The interaction of seedlot and seed treatment was significant (P < 0.001) in the analysis of water content of interior spruce and western red cedar germinants; however, the general trends were similar for all seedlots within a species. Interior spruce, lodgepole pine and Douglas-fir showed a general de-1242 HAWKINS, GUEST AND KOLOTELO TREE PHYSIOLOGY VOLUME 23, 2003 Figure 6 . Cumulative seed germination of four seedlots of (a) interior spruce, (b) lodgepole pine, (c) Douglas-fir and (d) western red cedar (mean ± SD) (25 seeds in three replicates per seedlot). Seeds were frozen to -40°C. Interior spruce, lodgepole pine and Douglas-fir seeds were imbibed and stratified before sowing. 31670  Radicle  5  40  21  0  0  0  32401  0  28  35  7  1  0  35693  0  7  36  9  3  0  46140  0  26  35  8  10  0   31670  Hypocotyl  3  19  62  12  5  0  32401  0  0  44  31  11  0  35693  0  0  19  45  27  0  46140  0  0  23  48  18  6   31670  Cotyledon  0  1  11  84  92  97  32401  0  0  0  53  79  86  35693  0  0  0  27  55  85  46140  0  0  0  30  61  85   Western red cedar  32642  Radicle  0  3  8  5  0  1  39388  0  0  15  5  7  1  40253  0  4  3  17  3  0  41265  0  0  9  17  3  0   32642  Hypocotyl  0  0  43  11  7  1  39388  0  0  40  11  3  3  40253  0  1  43  8  5  4  41265  0  0  4  12  13  10   32642  Cotyledon  0  0  17  68  81  91  39388  0  0  9  63  85  88  40253  0  0  19  65  77  81  41265  0  0  4  33  47  71 cline in seedling water content with increased time in the growth chamber (Figure 7 ). Water content of western red cedar germinants was greatest on Day 15, and did not differ significantly among other days.
Douglas-fir
Discussion
We found a pattern of decreased freezing tolerance from dry to imbibed to stratified seed, with further decreases during seed germination, followed by a slight recovery in freezing tolerance with seedling age. Dry seeds of all study species showed high tolerance to temperatures as low as -196°C, although lodgepole pine seed and germinants experienced some damage at this temperature. Imbibed seeds were often less freezing tolerant than dry seeds. Survival of imbibed seeds frozen to -25°C (data not shown) ranged from 15 to 55% for seedlots of interior spruce, 25 to 58% for lodgepole pine, 0 to 11% for Douglas-fir and 71 to 86% for western red cedar.
In interior spruce and lodgepole pine, the next greatest decrease in freezing tolerance occurred between 0 and 5 days in the growth chamber when the radicle was just beginning to emerge. In Douglas-fir, freezing tolerance was lost at a relatively uniform rate between 0 and 10 days under warm conditions, corresponding to the slower germination in this species. Western red cedar seeds did not begin to lose freezing tolerance until they had been in the growth chamber for more than 5 days. Unlike the other species, western red cedar seed was not imbibed; therefore the delay in germination and loss of freezing tolerance was likely associated with delayed imbibition. After 5 days in the growth chamber, most western red cedar seedlots lost freezing tolerance at a relatively uniform rate, reaching a minimum after 15 days. Western red cedar radicles emerged on Day 7 or 8. This pattern supports the generalization that treatments resulting in the loss of dormancy (e.g., stratification) do not immediately result in loss of cold hardiness. It is only after germination begins that freezing tolerance declines in proportion to elongation of the radicle (Sakai and Larcher 1987) .
After passing through a minimum hardiness stage during maximum hypocotyl elongation, interior spruce and lodgepole pine showed a slight increase in freezing tolerance in 10-day germinants. Western red cedar showed a minor increase in survival in 20-day germinants, but then survival was less in 30-day germinants. At these stages, most seedlings had produced cotyledons and were past the period of maximum hypocotyl elongation and corresponding minimum hardiness (Sakai and Larcher 1987) .
Similar changes in cold hardiness during germination have been observed in other tree and agricultural species (Cremer and Mucha 1985) . The LT 50 of Abies alba Mill. was -13°C in stratified seed, -4°C when the radicle had emerged 4 mm, -2°C once cotyledons developed, and -4.5°C in lignified seedlings (Sakai and Larcher 1987) . The LT 50 of Picea glauca was -17.5°C in stratified seed, -5°C in 8-day germinants with a 2-5 mm radicle, -3°C in 21-to 26-day seedlings with cotyledons and -4.5°C in 59-day seedlings (Coursolle et al. 1998 ). This was similar to our interior spruce seedlots, except LT 50 of our older germinants averaged -10°C. In contrast, Rikala and Repo (1987) found no difference in frost resistance of 7-to 49-day germinants of Pinus sylvestris L.
Because we subjected entire seedlings to each freezing treatment, hardiness of the most sensitive organ determined survival. Studies of germinating oak seeds (Quercus ilex L.) show that hypocotyls survive at -3°C, whereas the radicle tolerates only -1°C (Sakai and Larcher 1987) . Young seedlings of Abies alba at the cotyledonary stage have LT 50 values of -0.5°C for shoot primordia, -1.5°C for the shoot axis and root and -3°C for cotyledons. By the time seedlings of this species have developed true leaves, the temperature of initial injury is -4°C for the hypocotyl and -5°C for the leaves (Sakai and Larcher 1987) .
Acclimation to freezing stress has much in common with acclimation to osmotic stress, and the loss of freezing tolerance with germination may be related to imbibition and loss of desiccation tolerance in seeds. Seeds of the conifer species in our study can be dried to < 10% water content, (% fresh mass) and in this dry condition, they can be stored at -18°C for years to decades (Kolotelo et al. 2001) . Below a water content of 16-25%, seeds and organs of vascular plants can survive temperatures of -50 to -196°C Larcher 1987, Bewley and Black 1994) . As seen in our species, dry Picea abies (L.) Karst. seeds can survive freezing to -196°C (Rakowski et al. 1998) , and Pinus sylvestris seeds dried to 5% water content had 90% germination after 3 years of storage at -196°C (Chmielarz 1998) . Somatic embryos of white and interior spruce can survive immersion in liquid nitrogen when dried to similar water contents as mature zygotic embryos (Percy et al. 2001) . When hydration is limited, water is either tightly bound to proteins and sugars or is able to form a glass phase, and thus does not freeze and damage cells (McKersie and Leshem 1994) . 1244 HAWKINS, GUEST AND KOLOTELO TREE PHYSIOLOGY VOLUME 23, 2003 Figure 7 . Effects of seed treatments on percent water content of germinants of interior spruce, lodgepole pine, Douglas-fir and western red cedar (mean ± SD) (seven germinants per seedlot per species). Seeds were frozen to -40°C. Interior spruce, lodgepole pine and Douglas-fir seeds were imbibed and stratified before sowing.
Dry seeds must imbibe water to germinate, and seeds of our study species normally reached 30-35% water content during stratification (Kolotelo et al. 2001) . As the water content of a tissue increases, there is more water to freeze, more ice to accommodate and a less negative cell osmotic potential (McKersie and Leshem 1994) . At 25-45% water content, a range including imbibed and stratified seeds in our study, respiration increases dramatically and membrane bilayers make the transition from gel to lamellar liquid crystalline (Vertucci and Farrant 1995) . Germination of our study species began in this water content range, but a significant degree of cold hardiness was maintained.
At the time radicles emerged from seed, water content ranged from 82 to 91%. At water contents > 70%, water is in dilute solution in the cells, cell division is possible, but tissues are intolerant of the mechanical stresses of desiccation (Vertucci and Farrant 1995) , and presumably, freezing. On freezing, water in germinating seedlings has a greater tendency to be released from macromolecules requiring water for structural stability than in desiccation tolerant tissues (Vertucci and Farrant 1995) .
There must be factors affecting freezing tolerance other than the water content of tissues, however. A marked decrease in cold tolerance was observed between fully imbibed seed and early germinating seed, although water content changes little between these stages (Gosling and Rigg 1990, Bewley and Black 1994) . Also, later changes in cold tolerance in 10-to 30-day germinants in the growth chamber were unrelated to changes in water content. During imbibition and early radicle protrusion, changes in sugars may be related to decreased freezing tolerance. In germinating white spruce seeds, there is an overall decrease in the raffinose family oligosaccharides (RFO) that has been correlated with enhanced cold, heat and desiccation tolerance (Downie and Bewley 2000) . The RFOs decreased during the first 24 h of imbibition, but then sucrose and RFOs accumulate again during stratification (Downie and Bewley 2000) . Although these authors state that current theory discounts the involvement of RFOs in dessication tolerance, we note that freezing tolerance of some interior spruce seedlots increased from imbibed to stratified seed.
Protein expression also changes during seed germination. For example, the expression of late-embryogenesis-accumulated proteins and other proteins associated with water channels in vacuolar membranes or stable protein conformation decrease during germination (Vertucci and Farrant 1995) . Coupled with biochemical changes are anatomical changes that may contribute to changes in freezing tolerance. Smith (1958) attributed the increase in heat tolerance of Douglas-fir germinants with age to the extensive anatomical changes during hypocotyl development. Increased heat tolerance was attributed to the progressive thickening of the cuticle and outer epidermal and cortical walls, the accumulation of tannins and resins in the epidermis and outer cortex, and the development of intercellular spaces in the inner cortex in the first 5 weeks of germination (Smith 1958) .
Variation in the development of cold hardiness among conifer provenances has been reported in numerous studies of seedlings and trees (Aitken and Hannerz 2001) . Strong intraspecific variation for maximum midwinter hardiness has been observed for species with coastal and interior distributions (e.g., Douglas-fir and western red cedar) (Aitken and Hannerz 2001) . Autumn cold hardiness of lodgepole pine trees in a common environment was correlated with the latitude of origin for provenances from 55°to 68°N (Lindgren and Nilsson 1992) . Although frost tolerance in white spruce seedlings is reported to increase with latitude of origin (Simpson 1994 , Coursolle et al. 1997 , Coursolle et al. (1998) found no relationship between frost tolerance and latitude at the seed, radicle, cotyledon or seedling stage of germinating white spruce, and concluded that latitudinal effects may be poorly defined at early developmental stages.
In our study, rankings of seedlot cold hardiness for interior spruce and lodgepole pine were inconsistent. All seedlots of these species originated from areas with severe winter cold, thus there may be few differences in selection pressure on the development of cold hardiness among seedlots. Douglas-fir and western red cedar showed consistent differences among seedlots in cold hardiness. In western red cedar, germinating seeds of the two interior seedlots (39388 and 41265) had greater freezing tolerance than the two coastal seedlots (32642 and 40253). However, freezing tolerance of Douglas-fir seedlots bore no relationship to minimum temperature of the location of origin. Instead, freezing tolerance of germinants of both western red cedar and Douglas-fir appears to relate closely to the rate of germination. In these species, seedlots with the lowest germinant survival germinated most rapidly, whereas seedlots with the highest survival germinated slowly. A similar pattern was noted among species, where slow-germinating western red cedar maintained freezing tolerance after a longer period of time in the growth chamber than the other species.
Although our results cannot be applied to all populations of the study species, for the seedlots tested, we conclude that no damage will be done to stratified seeds unless they are exposed to temperatures < -16°C. Germinating seeds of interior spruce and lodgepole pine will suffer little damage from light frost (> -4°C) until they have been subject to a warm environment for more than 5 days. Most seedlots of Douglas-fir showed significant damage at -6°C after 5 days in a warm environment. The slow germination of unimbibed western red cedar protects seeds from cold for longer after sowing, and seeds are not damaged by -10°C until they have been exposed to growing conditions for 10 days. Major changes in freezing tolerance from dry to imbibed seeds and from stratified seeds to the early germination stage were related to significant increases in water content. We were unable, however, to attribute less dramatic changes in cold hardiness in older germinants to changes in water content, indicating that other changes in germinating seeds may affect cold hardiness.
